Damage-associated molecular patterns (DAMPs) have been implicated in sterile inflammation in various tissue injuries. High-mobility group box 1 (HMGB1) is a representative DAMP, and has been shown to transmit signals through receptors for advanced glycation end products (RAGEs) and TLRs, including TLR2 and TLR4. HMGB1 does not, however, bind to TLRs with high affinity; therefore, the mechanism of HMGB1-mediated TLR activation remains unclear. In this study, we found that fluorescently labeled HMGB1 was efficiently internalized into macrophages through class A scavenger receptors. Although both M1-and M2-type macrophages internalized HMGB1, only M1-type macrophages secreted cytokines in response to HMGB1. The pan-class A scavenger receptor competitive inhibitor, maleylated bovine serum albumin (M-BSA), inhibited HMGB1 internalization and reduced cytokine production from macrophages in response to HMGB1 but not to LPS. The C-terminal acidic domain of HMGB1 is responsible for scavenger receptor-mediated internalization and cytokine production. HMGB1 and TLR4 co-localized in macrophages, and this interaction was disrupted by M-BSA, suggesting that class A scavenger receptors function as co-receptors of HMGB1 for TLR activation. M-BSA ameliorated LPS-induced sepsis and dextran sulfate sodium (DSS)-induced colitis models in which HMGB1 has been shown to play progressive roles. These data suggest that scavenger receptors function as co-receptors along with TLRs for HMGB1 in M1-type inflammatory macrophages.
Introduction
Damage-associated molecular patterns (DAMPs) activate innate immunity in sterile inflammation. We have investigated DAMPs in a murine stroke model, and found that high-mobility group box 1 (HMGB1) and peroxiredoxin (Prx) family proteins are major DAMPs for inflammation after ischemic brain injury (1) . HMGB1 has been implicated in the pathogenesis of various acute and chronic inflammatory diseases, including sepsis, stroke, epilepsy, atherosclerosis, cancer and autoimmune diseases (2) (3) (4) (5) . HMGB1 has been shown to stimulate macrophages and γδT cells, thereby promoting neovascularization in a laser-induced eye injury model in mice (6) .
In addition to its nuclear expression, HMGB1 is released into the extracellular space upon cell death or by active secretion. Receptors for advanced glycation end products (RAGEs) and certain TLRs act as the major signaling membrane-bound receptors of HMGB1 (7) . We have also previously reported that Prx family proteins activate macrophages through TLR2 and TLR4 (1) . Although TLR2 and TLR4 have been shown to be the major mediators for HMGB1, a recent study demonstrated that the nucleic acid receptors for innate immune responses, including TLR9, are also activated by HMGB1 and other family members associated with nucleic acids (8) .
The precise mechanism of TLR activation by HMGB1 remains to be clarified. One study demonstrated a direct binding of HMGB1 to TLR4 using surface plasmon resonance methodology, showing that HMGB1-TLR4 interaction requires a cysteine in position 106 (9) . Another study, however, reported that recombinant HMGB1 protein bound to LPS and transferred it to soluble and membrane-bound CD14 (10) . CD14 has been shown to be required for the action of HMGB1 (11) . In addition, HMGB proteins have been shown to bind to all immunogenic nucleic acids, and function as universal sentinels for extracellular nucleic acids (12) .
Even though HMGB1 transmits signals through the TLR4/ MD2 complex, the affinity of HMGB1 and TLR4 has been shown to be very low; the recombinant B box of HMGB1 is reported to bind to TLR4/MD2 with an apparent K d of 22 μM (9). It has been very difficult to demonstrate a direct binding of full-length HMGB1 to TLR4 by biochemical methods. However, HMGB1 has been shown to be efficiently internalized into macrophages through TLR-independent mechanisms (13) . We suspected that there might be a high-affinity receptor for HMGB1 on the cell surface of macrophages for TLR activation.
The inflammatory effect of HMGB1 is mostly mediated through macrophages. In tissues, mononuclear phagocytes respond to environmental stimuli including microbial products and damaged cells with the acquisition of roughly two distinct functional phenotypes: classical M1 or alternative M2 (14, 15) . The M1 macrophages are characterized with inflammatory cytokine secretion and production of nitric oxide, resulting in an effective pathogen elimination. In vitro, M1 macrophages have been generated from bone marrow (BM) cells by GM-CSF (16, 17) . In addition to the pathogen defense, M2 macrophages clear apoptotic cells, can mitigate inflammatory responses and promote wound healing and are considered as benign opposites of the M1-type macrophages. In vitro, M2 macrophages are induced from BM cells by M-CSF (17, 18) . A recent paper has shown that usually HMGB1 induces M1-like macrophage differentiation; however, HMGB1 in collaboration with C1q induces the differentiation of monocytes to anti-inflammatory M2-like macrophages (19) .
In this study, we discovered that fluorescently labeled HMGB1 was efficiently internalized into macrophages through class A scavenger receptors. Although both M1-and M2-type macrophages internalized HMGB1, only M1-type macrophages secreted cytokines in response to HMGB1. We demonstrate that class A scavenger receptors are receptors for HMGB1 internalization in vitro. Inhibition of the binding of HMGB1 to scavenger receptors by a pan-scavenger receptor competitive inhibitor, maleylated bovine serum albumin (M-BSA), but not normal BSA, reduced HMGB1-mediated inflammatory cytokine production from M1-type macrophages. Immuno-biochemical experiments indicated that the interaction between HMGB1 and TLR4 was reduced by the blocking of scavenger receptors. Both in vitro and in vivo, HMGB1 was efficiently internalized into macrophages through scavenger receptors. Only M1-type macrophages, however, showed a high potential to produce inflammatory cytokines in response to HMGB1. M-BSA reduced cytokine production from M1 macrophages and suppressed LPSinduced sepsis and dextran sulfate sodium (DSS)-induced colitis in models. We propose that scavenger receptors are functional co-receptors of TLRs for HMGB1-mediated activation in inflammatory macrophages.
Methods

Mice
All mice used in this study had a C57BL/6 background. Seven-to 10-weeks-old C57BL/6 wild-type (WT) mice were purchased from CLEA (Tokyo, Japan). Tlr2 (20, 21) . All mice were housed in clean animal rooms under specific pathogen-free conditions. All experiments using mice were approved by and performed according to the guidelines of the animal ethics committee of Keio University.
Preparation of macrophages
GM-CSF-induced BM-derived macrophages (GM-BMMs) and M-CSF-induced BM-derived macrophages (M-BMMs) were prepared from femurs and tibias in mice as previously described (17, 22, 23) . To generate GM-BMMs or M-BMMs, BM cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 2 mM glutamine (Nacalai Tesque, Kyoto, Japan) and 0.05 mM 2-ME (Invitrogen, Carlsbad, CA, USA) with 10 ng ml −1 GM-CSF or M-CSF (PeproTech, Rocky Hill, NJ, USA) for 7 days.
To + and Gr1 + cells. The pass-through fraction was used as a macrophage-enriched cell.
A variant strain of RAW264.7 (#03) cells that lacked a DAMP internalization ability will be described elsewhere (24) . Briefly, parental RAW264.7 cells were treated with N-ethyl-N-nitrosourea (ENU) (1 mg ml −1 ; Sigma-Aldrich, St Louis, MO, USA) for 1 h at room temperature. After several washings with RPMI-1640, cells were allowed to proliferate for 48 h. ENU-treated RAW264.7 cells were incubated with DyLight 488-conjugated PRX5 for 1 h at 37°C. After several washings with RPMI-1640, the cells that had not internalized PRX5 were isolated by FACSAria (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), and cloned through subsequent limiting dilution. Msr1, Marco and CD36 cDNAs were introduced into RAW264.7 (#03) cells by lentiviral gene transfer.
HMGB1 internalization
Bovine thymus-derived HMGB1 (Chondrex, Inc., Redmond, WA, USA), recombinant HMGB1 (1) and glutathione-S-transferase (GST) were conjugated with DyLight Amine-Reactive Dyes (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. Unconjugated dye was removed through gel filtration. Recombinant HMGB1 mutants were generated as previously described (25) . M-BSA (26) and advanced glycation end products-BSA (AGEs-BSA) (27) were generated according to the procedures described previously. For the internalization assay, macrophages were usually incubated with 25-50 nM dye-conjugated proteins in the presence or absence of 300 μg ml −1 M-BSA for 0.5-1.5 h at 37°C in RPMI-1640 complete media, then analyzed by FACS after washing several times with PBS. Data were acquired using a BD FACS Canto II (BD Biosciences, San Jose, CA, USA), and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
In vitro stimulation of macrophages
For typical in vitro experiments, 1 × 10 6 per ml macrophages were stimulated with 0.3-3 µg ml −1 HMGB1 or 100 ng ml −1 LPS (Escherichia coli 0111:B4; Sigma-Aldrich). Cytokine levels in the tissue culture supernatants and serum were measured by ELISA kits according to the manufacturer's instructions (eBioscience, Inc., San Diego, CA, USA) as previously described (23, 28) .
mRNA preparation and quantitative real-time PCR
Total RNA was extracted using RNAiso Plus (TAKARA BIO, Shiga, Japan) or the ReliaPrep RNA cell Miniprep System (Promega, Madison, WI, USA). Complementary DNAs were synthesized using a High Capacity cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time PCR analysis was performed using SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) with a CFX384 real-time PCR detection system (Bio-Rad). The results were normalized to HPRT1 levels. The primers used were as previously described (28) .
Western blotting
Cells stimulated with HMGB1 or LPS for the indicated periods were washed once with ice-cold PBS and lysed in NP40 lysis buffer containing 10 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA and 1% NP40 supplemented with a protease inhibitor cocktail (Nacalai Tesque). After lysis, cellular debris was removed by centrifugation at 15 000 g for 10 min. For western blotting, the cell lysates were resolved using SDS-PAGE and transferred to Immobilon-P membranes (Millipore, Billerica, MA, USA). The membranes were blotted with the indicated antibodies overnight at 4°C, and the bound antibodies were visualized using HRP-conjugated antibodies against goat, rabbit or mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and Chemi-Lumi One L western-blotting detection reagents (Nacalai Tesque). The antibodies used were as follows: ERK1/2, pERK1/2, JNK/ SAPK, pJNK/SAPK, pIκBα, p38 and pp38 (Cell Signaling, Danvers, MA, USA), IκBα, p65 and pp65 (Santa Cruz Biotechnology, Dallas, TX, USA), α-tubulin and β-actin (Sigma-Aldrich).
Proximity ligation assay
To investigate the interaction between HMGB1 and TLR4, in situ proximity ligation assay (PLA) was performed as previously described (9) . PLA is a unique method developed to visualize subcellular localizations and protein-protein interactions in situ (29, 30) . Briefly, after incubation with HMGB1 for 30 min, macrophages were fixed and permeabilized with methanol. Cells were incubated overnight with a primary antibody pair of different species directed to HMGB1 (rabbit, ab18256; Abcam, Cambridge, UK), to MSR1 (rabbit, NBP1-00092; Novus, Littleton, CO, USA) and to TLR4 (mouse, 76B357.1; Thermo Fisher Scientific). In situ PLA was performed according to the manufacturer's instructions (Duolink; Sigma-Aldrich). Samples were evaluated by laser-scanning confocal microscopy (LSM 710; Carl Zeiss, Oberkochen, Germany).
Statistics
Unpaired, two-tailed Student's t-test was used. P values < 0.05 were considered significant. All error bars represent the standard error.
Results
HMGB1 is internalized and stimulated cytokine production in M1-type macrophages
HMGB1, a major DAMP, has been shown to pro-inflammatory; however, interaction between HMGB1 and macrophages has not been well investigated. To study the interaction between HMGB1 and macrophages, HMGB1 purified from bovine thymus was conjugated with fluorescent dye (F-HMGB1) and incubated with macrophage-enriched fraction of splenocytes for 1 h at 37°C. F-HMGB1 was uptaken by a portion of splenic macrophages and the cell surface markers of HMGB1-high and HMGB1-intermediate cells were analyzed (Fig. 1A) . HMGB1-high cells expressed markers characteristic to M2-type macrophages including MSR1, MARCO, CD206 and CD169, whereas HMGB1-intermediate cells were M1 macrophages expressing high levels of CD11b, CD11c and MHC class II.
To investigated which type of macrophages, M1 or M2, is mainly activated by HMGB1, M1 and M2 macrophages were induced in vitro by culturing BM cells with GM-CSF (GM-BMM cells) or M-CSF (M-BMM cells), respectively (17, 18) . As shown in Fig. 1(B) , both GM-BMM and M-BMM cells internalized HMGB1; however, HMGB1 was accumulated at higher levels in M-BMM cells than in GM-BMM cells. Surface marker staining confirmed that GM-BMM cells were M1-type, and M-BMM cells were M2-type macrophages (Fig. 1B) . HMGB1 induced cytokine and chemokine production at much higher levels in GM-BMM cells than in M-BMM cells (Fig. 1C) . In M-BMM cells, HMGB1 also did not up-regulate TGF-β1 expression which has been shown to be related to M2 phenotypes. However, LPS up-regulated TNFα and IL-6 in M-BMM cells (Fig. 1D) , suggesting that TLR4 functions normally to the TLR4 ligand, but cannot be properly activated by HMGB1 in M2-type macrophages. HMGB1 did not induce cytokine production in Tlr2 (Fig. 1E ). These data suggest that HMGB1 is internalized into M2-type macrophages but does not activate them while HMGB1 interacts with M1-type macrophages and stimulated then through TLRs.
Internalization of HMGB1 through class A scavenger receptors
To investigate the molecular mechanisms of TLR activation by DAMPs, we have isolated a variant macrophage RAW264.7 clone (#03) that was unable to internalize fluorescence-conjugated DAMPs. As shown in Fig. 2(A and B) , DyLight 650-conjugated HMGB1 (F-HMGB1) was internalized into parental RAW264.7 cells, whereas variant #03 did not efficiently uptake HMGB1. Since the #03 cell line lacked various types of scavenger receptors, we re-expressed candidate receptors in #03 cells one by one and examined the internalization of HMGB1 and scavenger receptors 61 ). **P < 0.01 versus F-HMGB1-treated GM-BMM cells.
HMGB1 and scavenger receptors 63
F-HMGB1. We discovered that Msr1 or Marco over-expression, but not CD36, was sufficient for the restoration of F-HMGB1 internalization ( Fig. 2A and B) . Because MSR1 and MARCO belong to the scavenger receptor class A family (31), we examined the effect of M-BSA, which is known to be a competitive inhibitor of class A scavenger receptors (26) . Since HMGB1 has been shown to interact with RAGE, we also examined the effect of excess amount of RAGE ligand, AGEs-BSA (27) . M-BSA, but not AGEs-BSA, inhibited F-HMGB1 internalization in not only parental RAW264.7 cells but also BM macrophages and GM-BMM cells (Fig. 2C and D) . MSR1 and MARCO may not be major HMGB1 receptors in vivo since Msr1/Marco double deficiency did not severely affect the internalization of F-HMGB1 as well as HMGB1-induced cytokine production in BM macrophages and GM-BMM cells ( Fig. 2D; Supplementary Figure 3A Figure 3A and B, available at International Immunology Online), suggesting that other class A scavenger receptors are involved in F-HMGB1 uptake. These data indicate that class A scavenger receptors are novel receptors of HMGB1 for rapid internalization in macrophages.
Scavenger receptors are required for HMGB1-mediated TLR activation
Next, we examined the role of class A scavenger receptors in macrophage activation by HMGB1. It has been shown that TLR4 is required for macrophage activation by HMGB1 (9) and we confirmed it (Fig. 1E) . M-BSA itself showed no effect on inflammatory cytokine production (Fig. 3A) ; however, M-BSA efficiently suppressed production of inflammatory cytokines, TNFα, IL-6 and IL-12p40, from GM-BMM cells in response to HMGB1 at the protein and mRNA levels (Fig. 3A) . As shown in Supplementary Figure 1A and B, available at International Immunology Online, we confirmed that M-BSA suppresses cytokine production and HMGB1 internalization in splenic M1-type macrophages. The expression of IL-1β mRNA was also reduced by M-BSA treatment (Fig. 3A, lower  panel) . M-BSA showed no effect on LPS-induced inflammatory cytokine production (Fig. 3B) , indicating that M-BSA did not inhibit TLR4 directly. Another scavenger receptor antagonist, fucoidan, also reduced HMGB1-mediated inflammatory cytokine production (data not shown). Interestingly, M-BSA exhibited a strong suppressive effect on IL-6 compared with TNFα and IL-12p40, and M-BSA enhanced IL-10 secretion. Although these data suggest the existence of some cytokinespecific effects of M-BSA, the reason remains unclear at present.
HMGB1 consists of three structural domains: two DNAbinding motifs termed 'A box (9-85)' and 'B box (88-162)' that form three alpha helices, and a carboxyl terminus (186-215) that is rich in negatively charged aspartic and glutamic acids, termed the 'acidic tail'. Since class A scavenger receptors often recognize negative charge clusters on the protein, we postulated that HMGB1 interacted with scavenger receptors through the C-terminal acidic tail. Thus, we generated recombinant HMGB1 lacking a C-terminal acidic tail fused to GST (Fig. 4A) . As expected, this mutant was not internalized as efficiently as WT-HMGB1 (Fig. 4B) , and lacked the ability to induce inflammatory cytokines, especially IL-6 in RAW264.7 cells (Fig. 4C) . Furthermore, in the variant #03 cells lacking scavenger receptors, HMGB1-mediated TNFα and IL-6 production was greatly reduced (Fig. 4D) ; however, expression of Msr1 in #03 cells restored the ability of cytokine production in response to HMGB1. These data indicate that scavenger receptors are required for efficient cytokine production induced by HMGB1.
Then, we examined TLR signaling using GM-BMM cells. As shown in Fig. 4(E) , HMGB1 induced phosphorylation of p65 similar to the levels induced by LPS, although HMGB1 did not activate ERK as strongly as LPS did. M-BSA did not affect LPS-induced p65 and ERK phosphorylation; however, M-BSA strongly reduced HMGB1-induced p65 phosphorylation. To determine the role of scavenger receptors in TLR signals more directly, we compared signals between RAW264.7 cells and scavenger receptor negative #03 mutants. As shown in Fig. 4(F) , to our surprise, these data support the idea that scavenger receptors are required for efficient TLR activation by HMGB1 but not by LPS. HMGB1-mediated activation of p38 and I-κB phosphorylation were not severely affected, but phosphorylation of p65, JNK and ERK was reduced. Thus, scavenger receptors may modify not only the strength but also the quality of TLR signaling in response to HMGB1.
Class A scavenger receptor is required for interaction of HMGB1 and TLR4
Next, we examined the role of class A scavenger receptors in HMGB1 and TLR interaction in GM-BMM cells. First, we confirmed that Tlr2/Tlr4 deficiency did not affect the internalization of F-HMGB1 (Supplementary Figure 2A , available at International Immunology Online). LPS has been shown to enhance TLR4 internalization through CD14 (32) . We found that HMGB1 as well as M-BSA promoted the internalization of TLR4 in GM-BMM cells (Fig. 5A) . M-BSA plus HMGB1 did not show any additive effect on the surface expression of TLR4. These data indicate that TLR4 is internalized through coupling with scavenger receptors regardless of signaling through TLR4.
To investigate the coupling of HMGB1 and TLR4 more precisely, we examined the interaction between HMGB1 and TLR4 using in situ PLA. This method has been used to demonstrate the interaction between HMGB1 and TLR4 (9). After incubation of GM-BMM cells with HMGB1, cells were subjected to PLA using anti-HMGB1 and anti-TLR4 antibodies. PLA spots indicate the co-localization of the two molecules in close proximity. A number of PLA spots were observed when GM-BMM cells were treated with HMGB1, and PLA spots were greatly reduced in the presence of M-BSA (Fig. 5B) . PLA spots were not detected in Tlr2 To confirm the interaction between TLR4 and scavenger receptors, we performed PLA experiments using #03-Msr1 and #03 cells. As shown in Fig. 5(C) , PLA spots, which show interaction between TLR4 and MSR1, were detected in parental RAW264.7 cells but not in #03 mutant cells. However, TLR4 and MSR1 interaction was restored by MSR1 over-expression in #03 cells. These data clearly demonstrate the interaction between TLR4 and MSR1, at least in RAW264.7 cells.
M-BSA administration reduced the severity of inflammation in which HMGB1 has been shown to play a role
To confirm the supportive role of scavenger receptors in DAMPs-mediated inflammation, we examined the effect of M-BSA on several inflammatory disease models in which HMGB1 has been shown to play an important role (33) . The pro-inflammatory role of HMGB1 has been shown in the late phase of LPS-induced septic shock (34) . As shown in Fig. 6(A) , M-BSA administration in vivo reduced lethality by LPS. Serum TNFα and IL-6 levels were also reduced by M-BSA treatment (Fig. 6B) . However, we did not see any strong differences in TNFα and IL-6 levels 5 h after the first M-BSA treatment (Supplementary Figure 4A , available at International Immunology Online), which is consistent with previous reports showing that HMGB1 works as a DAMP after the TNFα increase (34) . Serum HMGB1 levels were not affected by M-BSA treatment ( Fig. 6C; Supplementary  Figure 4B , available at International Immunology Online), suggesting that total HMGB1 levels are too high to be affected by the block of scavenger receptors.
Antibody against HMGB1 has been reported to reduce the severity of the DSS-induced colitis model (35) . We showed that M-BSA administration ameliorated DSS-induced ) was added to the culture medium 1 h before HMGB1 or LPS stimulation. (F) Immunoblotting of p65, JNK, ERK, p38 and IκBα in RAW264.7 cells or variant RAW264.7 cell line (#03) treated with 0.3 µg ml −1 HMGB1 or 100 ng ml −1 LPS. *P < 0.05 versus GST-HMGB1 1-215 -treated RAW264.7 cells (C). *P < 0.05, ***P < 0.001 versus variant #03 cells (D). colitis (Fig. 6D) . Again, serum TNFα and IL-6 levels were also reduced by M-BSA, but not BSA treatment (Fig. 6E) . Normal BSA exhibited little effect on the severity of DSS-induced colitis (data not shown). These data support our proposal that scavenger receptors function as receptors for DAMPs (including HMGB1) that couple to activate TLRs.
Discussion
In this paper, we demonstrated that HMGB1 binds to class A scavenger receptors, which is required for the efficient activation of TLR4. We propose that scavenger receptors function as co-receptors of TLR4 and HMGB1. This function is reminiscent of CD14, which binds to LPS and then transfers LPS to the TLR4/MD2 complex. Our PLA experiments support the idea that scavenger receptors facilitate HMGB1-TLR4 interaction ( Fig. 5B and C; Supplementary Figure 2B , available at International Immunology Online). This function of the scavenger receptor as a TLR co-activator is more evident in M1 macrophages compared with M2 macrophages, since HMGB1 induced cytokine production from M1-type macrophages but not from M2-type macrophages (Fig. 1C) .
Mammalian membrane-associated scavenger receptors are multidomain proteins that are separated into eight classes consisting of >19 proteins (31) . We initially thought that MSR1 [scavenger receptor class A member 1 (SCARA1)] and/or MARCO (SCARA2) are the major receptors for HMGB1 since the reconstitution of MSR1 or MARCO in variant #03 cells resulted in restoration of the rapid uptake of HMGB1 as well as cytokine production in response to HMGB1 (Figs 1B and  2B) . Furthermore, we detected interaction between TLR4 and MRS1 in RAW264.7 cells as well as #03-Msr1 cells (Fig. 5C ). These data indicate that MSR1 couples with TLR4 during HMGB1-mediated macrophage activation.
However, to our surprise, macrophages from Msr1/Marco double-deficient mice still internalize HMGB1 very efficiently, and M-BSA suppressed the internalization of HMGB1 into Msr1
/Marco
−/− macrophages (Fig. 2D) . Thus, there may be other scavenger receptors or related molecules that bind to HMGB1 very efficiently in macrophages. Indeed, a very recent paper showed that pufferfish and zebrafish HMGB1 bind to SCARA5, which regulates the inflammatory function of HMGB1 (36) . Since the C-terminal acidic tail is important for the interaction of HMGB1 in terms of the rapid internalization into macrophages (Fig. 4A) , and M-BSA (an acidic protein) inhibits HMGB1 internalization, we speculate that members of the class A scavenger receptors that bind to acidic macromolecules are candidates of HMGB1 receptors in vivo. RAGE could also be an internalization receptor of HMGB1 (13); however, we did not see strong effect of a RAGE agonist in RAW264.7 cells (Fig. 2C and D) .
The role of class A scavenger receptors in inflammation is controversial, with opposing results reported. Several reports showed that Msr1 −/− mice were more resistant to septic shock induced by cecal ligation and puncture (CLP) than WT mice (37, 38) , which supports our notion that scavenger receptors function as co-receptors of TLR4. On the contrary, other reports showed that Msr1 −/− mice were more sensitive to the septic shock model than WT mice, and inflammatory cytokines levels were higher at a late stage of CLP in Msr1 −/− mice than in WT mice (39, 40) . Scavenger receptors are considered to be important for the clearance of pathogens, modified lipoproteins, denatured proteins, and dead cells. Therefore, the prolonged existence of pathogens and DAMPs may stimulate macrophages through MSR1-independent pattern recognition receptor (PRR) activation. Thus, we propose that scavenger receptors have dual functions: as co-receptors for PRRs and as clearance receptors for pathogen-associated molecular patterns (PAMPs) and DAMPs. As shown in Fig. 1(A and B) , HMGB1 was internalized more efficiently in M2 macrophages than in M1 macrophages, which is consistent with the notion that M2 macrophages express high levels of scavenger receptors and lectin-type receptors. Thus, we consider that scavenger receptors in M2 macrophages are mostly used for the clearance of DAMPs, while used as co-receptors of TLRs in M1 macrophages. However, HMGB1 and TLR4 coupling was still detected in M2-type macrophages (Supplementary Figure 2B , available at International Immunology Online), even though HMGB1 cannot activate TLR4 (Fig. 1C) . This raises a possibility that uncharacterized M1-specific molecules are necessary for the TLR signal transmission activated by scavenger receptors/ HMGB1 complex. The mechanism for the functional and nonfunctional coupling between scavenger receptors and TLRs in M1 and M2 macrophages remains to be clarified.
Class A scavenger receptors could be co-receptors for other TLRs. Activation of intracellular PRRs represented by TLR3, 7, 9 and RIG-I has been shown to be enhanced by HMGB1 (12) . A previous study reported that the secretion of TNFα and IL-6 induced by poly I:C was suppressed in Msr1/ Marco double-deficient peritoneal macrophages (41) . Thus, there is a high possibility that scavenger receptors mediate cross-links between intracellular PRRs and DAMPs.
TLR4 signals that are activated by HMGB1/scavenger receptors may differ from those activated by LPS/CD14. We noticed that the blockade of class A scavenger receptors by M-BSA strongly reduced IL-6 production in response to HMGB1, whereas it only partly reduced TNFα secretion (Fig. 3) . On the other hand, M-BSA enhanced IL-10 production. The suppression of inflammatory cytokines and the enhancement of IL-10 expression by M-BSA may account for the protective effect of M-BSA in septic shock and DSSinduced colitis models. Compared with LPS stimulation, HMGB1 strongly induced the phosphorylation of p65, but only weakly activated ERK (Fig. 4E) . LPS-induced TLR4-mediated signaling is compartmentalized into the plasma membrane and endosomes, where pro-inflammatory cytokines and IFN-β production are induced, respectively (42) . Thus, LPS and HMGB1 may induce different compartmentalization through different co-receptors, CD14 and scavenger receptors, respectively. Further biochemical study is necessary to define the difference in signals through PRRs and DAMPs.
We proposed that scavenger receptors function as coreceptors of TLR4 not only in vitro but also in vivo as shown in Fig. 6 . M-BSA did not affect LPS-induced TNFα production at an early phase, but suppressed DAMPs-mediated TNFα production at a late phase ( Fig. 6A; Supplementary  Figure 4A , available at International Immunology Online). TNFα rather than IL-6 was severely affected by M-BSA in an in vivo sepsis model, while IL-6 is more strongly affected by M-BSA than TNFα in vitro. The reason of this phenomenon is not clear at present, however, maybe because of the difference in the time course of TNFα and IL-6 induction. TNFα induction is very rapid and transient, while IL-6 increases gradually after LPS administration. Thus, TNFα levels may be more profoundly affected by HMGB1 compared with IL-6 in vivo.
Supplementary data
Supplementary data are available at International Immunology Online.
